The mechanical properties and conductance of contaminated and pure silver nanowires were studied using density functional theory (DFT) calculations. Several nanowires containing O 2 on their surfaces were elongated along two different directions. All of the NWs thinned down to single atom chains. In most simulations, the breaking force was not affected by the presence of the O 2 , and similar fracture strengths of ≈1 nN were computed for the pure and impure NWs. When the O 2 became incorporated in the single atom chain, the fracture occurred at the Ag-O bond and a lower fracture strength was found. All of the simulations showed that the impurity interacted with the silver atoms to reduce the electron density in its nearby vicinity. A variety of conductance effects were observed depending on the location of the impurity. When the impurity migrated during the elongation to the thinnest part of the NW, it reduced the conductance significantly, and an ≈1 G 0 conductance (usually associated with a single atom chain) was calculated for three-and two-dimensional structures. When the impurity was adjacent to the single atom chain, the conductance reduced almost to zero. However, when it stayed far from the thinnest part of the NW, the impurity had only a small influence on the conductance.
Introduction
The miniaturization of electronic components is one of the significant cornerstones in the development and improvement of new devices in nanoelectronics. Silver nanowires (NWs) are candidates to serve as conductors in these devices. Understanding the mechanical properties and the mechanisms that control the conductance in atomic-scale wires is important both from a basic science standpoint and for applications in nanoelectronics and nano-devices. Numerous experimental studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have been conducted to characterize the mechanical properties and the conductance of silver nanowires during elongation. In these experimental systems, the silver NW is elongated and thinned down to a single atom chain (SAC) in a high vacuum chamber, at ≈4 K. During wire thinning, the conductance is continuously 1 On sabbatical leave from the Nuclear Research Center Negev. measured and it is generally accepted that a conductance of 1 G 0 (where G 0 = 2e 2 /h, with e the electron charge and h Planck's constant) indicates that part of the NW has thinned to a SAC. To validate this interpretation, many theoretical studies have investigated both the structural changes that occur during elongation of silver, gold and copper NWs, and the conductance of these configurations [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . It was found that the arrangement of the metallic atoms changes, during elongation, from three-dimensional (3D) phases to a variety of two-dimensional (2D) phases and finally to a SAC. These simulations show that when part of the NW becomes a SAC, the conductance goes to ≈1 G 0 . However, in the experiments, contaminants can be adsorbed on the initial NW surface, and migrate during the elongation to the transmission pathway and affect the conductance of the elongated NW. It is well known that the conductance is affected when impurities are pre-placed directly on the SAC [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Experimental and theoretical studies [14] [15] [16] [35] [36] [37] [38] show that when O 2 is introduced to a SAC of silver, the conductance can decrease well below 1 G 0 . However, the ability of the O 2 to migrate from the surface of the 3D NWs to the region of the SAC during the elongation, and the effect of the O 2 on the conductance in the 3D and the 2D intermediate structures are still unknown.
To study the effect of an O 2 attached to the silver NW surface on the structural, mechanical and conductance evolution during elongation, we simulate deformation of several silver NWs containing O 2 attached to the surface.
Methodology
Pure Ag NWs containing 115 atoms oriented with (110) planes perpendicular to the original wire (Z) axis, and contaminated silver NWs having the same orientation, were elongated along two directions, [19 21 2] and [1 3 2] , which are 6 • and 48 • off the Z axis. Previous studies in Au [17, 29] examined several tensile axes, both along the high symmetry direction (z-axis) and forming a small angle with it (≈1 • -5 • with respect to the z-axis). In those studies, no significant difference was found in the evolution of the wire except for the exact [1 1 0] case for the (110) NW. We believe that in real experiments the alignment between the elongation grips is never perfect, and, therefore, specimens are elongated under small distortions. To introduce such small distortions in our simulations, we choose to elongate the wire along an arbitrary axis 6 • off the z axis. The [1 3 2] direction (forming a 48 • angle with the z-axis) was chosen to include the effect of a large lack of symmetry in our simulations. The exact [0 1 1] tensile direction was not simulated because earlier work in Au [17] showed anomalous deformation behavior (fracture before a single atom chain was reached) along this axis. This occurred because the high symmetry configuration restricted the available deformation paths.
The (110) orientation has been shown previously [29] to be a preferred orientation, since it transforms into many stable intermediate configurations during the elongation. In contrast, the (111) orientation exhibits a less complicated energy landscape during deformation, giving rise to less varied intermediate configurations. Because of these results, we chose the (110) orientation for this investigation, to increase the statistics of the conductance computation versus atomic configurations. For all simulations, the initial wire configuration was carved out of an ideal fcc lattice with the proper orientation. At each tensile step, the grip atoms (two layers at each end) were translated by a fixed amount, then kept fixed in their fcc positions, while the other atoms were allowed to relax into a new configuration. To determine which impurity sites to investigate, an O 2 molecule was placed on eight different sites on the ideal NWs surface. The contaminated wire was then relaxed and a lowest energy criterion was used to select two sites near the central region of the NW and two sites near the shoulder, adjacent to the rigid grip layers, for the tensile simulations. Figure 1 shows the silver NW and the eight sites that were individually examined.
The simulated elongations of the nanowires were conducted in the framework of density functional theory Figure 1 . Schematic configuration of the silver NW having eight oxygen molecules spread on the surface prior to the relaxation. The encircled molecules were selected for the tensile simulations. The upper two molecules are considered as a shoulder (S1 and S2) type contamination and the lower two encircled molecules are considered as a center type (C1 and C2).
(DFT) using the DMol 3 code [52, 53] 2 . DMol 3 employs localized basis sets, which makes calculations fast and particularly well suited for cluster calculations. We used a double-zeta, atom-centered basis set (dnd) and a real-space cutoff of 4Å. The exchange-correlation potential was treated within the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) approach [54] . The Ag-ion core electrons were described by a hardness conserving semilocal pseudopotential (dspp) [55] , and only the outer electrons (4s 2 4p 6 4d 10 5s 1 ) were treated as valence electrons. To allow meaningful comparisons, identical conditions were employed for all systems. A conjugate gradient approach based on a delocalized internal coordinate scheme [56, 57] was used for geometry optimization. The system was considered converged when change in total energy and the atomic displacements dropped below 10 −4 eV for selfconsistent calculations, 10 −4Å for maximum displacement and 10 −3 eV for energy change.
The zero bias conductance calculations were performed with the ATK package [23, 59, 60] , using a nonequilibrium Green's function technique based on the Landauer formalism [58] . The system was separated into three regions: the upper and lower Ag electrodes that were attached to the grip atoms (see figure 1 ) and the central scattering region. For the central region, we used atomic configurations obtained by the DFT elongation. The electrodes were carved out of an ideal Ag face-centered cubic (fcc) lattice with the same orientation as the wire, and were large enough not to constrict the conductance in any way. The electrodes attached seamlessly to the scattering zone since the grip atoms in the deformation simulations were kept fixed in ideal fcc positions. Huckel tight binding [61] was utilized for all of the cluster-based configurations (retrieved from the DFT simulations) using the Cerda [62] and Hoffmann [63] parameterization for the Ag and for the O atoms, respectively.
Results
Pure and contaminated silver NWs were elongated along directions 6 • and 48 • off the wire axis. To estimate the fracture strength of the silver NWs, we divided the change in total energy between the last two steps, by the corresponding change in the NW length. In previous studies on gold NWs [17, 64] , this methodology provided a good agreement with the experimental value observed by Rubio-Bollinger et al [65] . While no experimental data are available for silver NWs, the fracture results of 1.00 nN and 1.05 nN obtained here for pure silver NWs are in a good agreement with the computed results of 0.9 nN [66] and 1.06 nN [37] reported in the literature. In all but one of the simulations of contaminated NWs (see table 1), the O 2 did not incorporate into the SAC during the elongation even though it changed orientation relative to the silver atoms. In these cases, the fractures occur at an Ag-Ag bond resulting in a fracture strength and its standard deviation of (0.96 ± 0.06) nN which coincide, within the uncertainties, with the available results for pure NWs. In the only case when the O 2 was incorporated into the SAC at the final stages of the elongation, the fracture took place at the Ag-O bond and a lower fracture strength of 0.84 nN was computed. The fracture strain is computed by dividing the total change of the NW length by the initial length of the elongation region. In most of the simulations, the presence of the O 2 increased this strain as compared with pure NWs (see table 1 ). This increase was also observed experimentally by Thijssen et al [14, 15] when oxygen was admitted to pure silver nanowires. Figure 2 shows the computed conductance as a function of elongation for three representative simulations of the contaminated NWs. Snapshots from these elongations are presented at the bottom of the figure. The simulation results demonstrate that the presence of an O 2 molecule always has some effect on the conductance of the NWs because its presence causes 'chemical' interactions and dictates structural changes. To separate these effects, the conductance of each elongated NW was calculated at every elongation step both with the impurity (solid symbols) and with the impurity removed (hollow symbols). When the impurity is removed, no structural relaxations are carried out and identical configurations of the silver atoms were considered. These structures are different from those observed during the elongation of pure silver NWs but they allow the 'chemical' contribution of the impurity to be evaluated. The remaining simulations are summarized in table 1 and exhibit similar impurity effects to those shown in figure 2. Prior to the elongation, all the simulations show that the adsorption of an O 2 on the NW surface reduces the conductance by 0.5 G 0 to 0.9 G 0 , depending on its location. During the elongation, two kinds of effects due to the O 2 were observed. First, a small decrease in the conductance was found for the silver NWs that thinned down far from the contaminant. This decrease only occurred in the early stages of the elongation and was almost undetectable afterward, when the structural changes of the silver atoms dictate and limit the conductance. A representative simulation with this behavior is shown in figure 2(a) . When the thinning process occurs near the O 2 , the O 2 interacts with the silver atoms that are in the main transmission pathway, and decrease the conductance by a substantial amount as long as the contaminant remains adjacent to the thinned out region. In figure 2(b) , the O 2 is near the thinning zone until part of this area evolves into a SAC. Up to that point, the presence of the O 2 decreases the conductance by 0.3 G 0 to 0.9 G 0 . Moreover, the conductance of 1 G 0 that experimentalists use it as an indication of the presence of a SAC during tensile experiments, was found for a much thicker NW (see insets C, D in figure 2(b) ). presents results for the case where the final stage of thinning down to a SAC took place near the O 2 . In this case, the conductance drops well below 1 (figure 2(c)) as soon as the O 2 is attached to the SAC (configuration D in figure 2(c) ) and remains extremely low when it is incorporate into it. These low levels of conductance were experimentally observed by Thijssen et al [14] , when O 2 was admitted into the chamber during silver NW elongation. It is worth mentioning that at the end of the elongation, when the NWs become SACs, small conductance oscillations were observed for both the pure and the contaminated NWs. This phenomenon has been explained by the resonant transport model [67] [68] [69] by Kwapińsky and Thygesen et al.
To better understand the effect of the O 2 on the conductance of silver NWs, the electronic properties were analyzed for a variety of contaminated NWs and compared to the same NWs configurations after removing the O 2 . A generic electronic behavior was obtained for the cases where the presence of O 2 significantly decreased the conductance and for the cases where it hardly affected the conductance. The transmission pathways (figure 3) and the electron density (figure 4) are discussed here using the atomic configurations shown in figure 2(c)-E and in figure 2(b)-F as representative situations for these cases.
For the atomic configuration in figure 2(c)-E (O 2 adjacent to the SAC region), the transmission path was computed with the O 2 ( figure 3(a) ) and after removing the O 2 ( figure 3(b) ). Significant changes took place between the two cases, including in the local conductance between the Ag-Ag pairs of atoms. As can be seen in figure 3(c) , very small local currents were computed when the O 2 was adjacent to the SAC (the dark area of the figure) while a significant increase in such currents was found when the O 2 was removed. Very different effects were obtained for O 2 located on a thicker part of the NW, away from the SAC (as in the configuration in figure 2(b)-F) . Here, the main transmission pathway was hardly affected by the presence of the O 2 (figures 3(d) and (e)) and very similar local currents were obtained for the case with the O 2 and after removing it ( figure 3(f) ). The conduction channels that fed the main transmission got thinner near the O 2 compared to the results obtained after removing the oxygen. To compensate for this current depletion, other channels, far from the O 2 , increased their capacity to feed the SAC conductance bottleneck (see arrows in figure 3(d) and the inset in figure 3(f) ) and preserved a similar total conductance.
The effects of the O 2 on the local electron density are shown in figure 4 . Here, an increase is defined as the increase of the electron density relative to the individual atoms. For both configurations, the O 2 depletes the electron density in its vicinity. Despite this similarity, the depletion has different effects on the conductance. When the impurity is near the thin region of the NW (as in figure 4(a) ), the electron depletion decreases the availability of the electrons in the bottleneck of the transmission path. In this case, the presence of the O 2 decreases the conductance from ≈0.9 G 0 to ≈0.01 G 0 . However, when the O 2 is located near a thicker region (as in figure 4(c) ), the electron depletion caused by the O 2 is concentrated in this local region and does not reach to the thinner part of the NW (see the differences between figures 4(c) and (d)). In this case, the conductance is dictated by the atomic configuration of the thinnest part of the NW, and the presence of the O 2 does not affect it.
Summary and conclusions
Pure and impure silver NWs were elongated along two different directions. Prior to the elongation, O 2 molecules were placed and relaxed on several locations on the silver NW surface, to study the effect of O 2 contaminants on the mechanical and conductance properties. All of the simulations showed that the NW thins down to a SAC during elongation before the breaking. When the fracture occurred by breaking an Ag-Ag bond, the fracture strength of the pure and the impure NWs gave similar results. However, when the O 2 was incorporated into the SAC, the fracture took place in the Ag-O bond and the fracture strength was lower by ≈12%.
All of the simulations showed that the O 2 impurity interacts with the silver atoms to reduce the local electron density. This depletion reduces the conductance by 0.3 G 0 to 0.9 G 0 if the oxygen is located close to the thinnest part of the NW, which acts as a bottleneck for electron transmission. For these situations, and in a good correlation with the experimental results of Thijssen et al [14] , the conductance decrease caused by the oxygen at the late stages of the elongation resulted in almost a zero conduction when the oxygen was adjacent to the SAC region. However, for the intermediate thicker structures observed during the elongation, when the oxygen was near the thin part of the NW and before it transform to SAC, the conductance decreased to ≈1 G 0 even for 3D atomic configurations. In most NW tensile experiments, this level of conductance is used to indicate that part of the NW transforms to a SAC. However, as it was demonstrated in the present simulations, this conductance can also be achieved by contamination of a 3D or 2D NW structure. A different effect was found when the impurities were a little farther from the thinnest part of the NWs. The conductance channels in the thicker parts are used to feed the main transmission pathway and utilize only small part of their available capacity. In these cases, when the O 2 depletes the electrons from the channels in its nearby location, other conduction channels compensate by increasing their conduction. Thus, when the O 2 is located away from the thinnest part of the NW, the conductance is hardly changed.
